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EMISSIVITY OF A PINNACLED SURFACE. INVESTIGATION OF 
AN EMISSIVE, FIN-TUBE SYSTEX 

Y u G .  Zhulev, Yu. A, Vasanov 

ABSTRACT 

The art icle cons i s t s  of two pa r t s .  

The f i r s t  p a r t  examines t h e  problem of inves t i -  

ga t ing  t h e  emiss iv i ty  of a pinnacled sur face  f o r  t h e  

case when t h e  surrounding space i s  a black body with 

zero temperature. It is  found t h a t  i n  t h e  general  

case the  e f f e c t i v e  emissivity of a pinnacled su r face  

is  a function of t h e  degree of blackness of t h e  

lateral f ace  of t h e  pinnacle E, t h e  angle a t  i ts  

apex a ,  and the  dimensionless parameter N, which 

depends on t he  following quan t i t i e s  : 

of t h e  pinnacle base, height of t h e  pinnacle, angle 

temperature 

at  i t s  apex, and thermal conductivity of t he  pinnacle 

material. The i n i t i a l  system of equations i s  solved on 

a machine f o r  several values of E, a ,  and N. 

The second p a r t  examines t h e  problem of computing 

t h e  emiss iv i ty  of a system made of cooled tubes which 

are located i n  p a r a l l e l  and which have emissive, 

t r i a n g u l a r  f i n s .  The most favorable d i s t r i b u t i o n  of 

t he  emissive pinnacles along t h e  cooled tube perimeter 

Numbers i n  the  margin ind ica te  pagination i n  the  o r i g i n a l  fore ign  
text. 

* Note: 
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and the methods f o r  optimizing the system under con- 

s ide ra t ion  a re  invest igated.  

I. Emissivity of a Pinnacled Surface - 12 

L e t  us i nves t iga t e  the  two-dimensional problem of computing the  emissivi- 

t y  of a sur face  formed of t r iangular  pinnacles having a base temperature To 

and a l a t e r a l  face  degree of blackness E (Figure 1 ) .  W e  s h a l l  f i r s t  inves t i -  

ga te  pinnacles with f a i r l y  l a rge  extension, f o r  which the  l a w  of thermal 

r ad ia t ion  and the  equations of thermal conductivity along the  pinnacle  are 

va l id  i n  the  following form: 

where : 

Q - the  thermal f l u x  through the  pinnacle cross  sec t ion  with the  

coordinate X' ;  

A - thermal conductivity coef f ic ien t  of the pinnacle mater ia l ;  

a - angle a t  the  pinnacle apex; 

dx' q; - r e su l t i ng  r ad ia t ion  of a pinnacle l a t e r a l  face  element - the  

outgoing element of thermal f lux  with allowance f o r  i n t e r -  co32 

i r r a d i a t i o n  of the  pinnacles. 

Equations (1) - (2) lead t o  the following expression f o r  determining the  /3 
temperature d i s t r i b u t i o n  along a pinnacle a f t e r  a change of var iab les .  
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Figure 1 

L e t  us f i r s t  examine trapeziform pinnacles e i g u r e  l), f o r  which t h e  

following boundary conditions of equation (3) can be assumed: 

T =  T, f o r  x ' 0 ;  

In determining q(x),  w e  s h a l l  examine t h e  case when t h e  surrounding 

space has t h e  parameters E = 1 and T = 0. 

w i l l  then have the  following form (Ref. 1) 

The expression f o r  determining q(x) 

4 

where : 

or ii/ - t h e  s p e c i f i c  thermal f l u x  f r o m  t h e  adjacent pinnacle 
&+,$ ,v 4 2 

at  t h e  pinnacle under consideration; 

,Lp~z&~~~,?.i~~-~j,y -/ i 
- t he  s p e c i f i c  f l u x  of e f f e c t i v e  r a d i a t i o n  from 
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Figure 2 

the surface x; 

- the specif ic  flux of effective radiation 
-tI 

from the surface . 
L e t  us introduce the following dimensionless variables: /4 

In these variables, after equation (3) i s  integrated with the use of the second 

boundary condition (4), it  w i l l  be written as follows: 
4 

where 
- 
x 
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Af= 

I 

and = 1 w i l l  be t h e  boundary conditions f o r  equation (7) i n  t h e  case of 

- x = 0. 

In  accordance with (5), t h e  amount of hea t  rad ia ted  by one pinnacle 

w i l l  be wr i t t en  i n  dimensionless var iab les  as follows: 
P 

0 

The e f f e c t i v e  degree of blackness of a pinnacled su r face  w i l l  be deter- 

c mined as t h e  r a t i o  of t he  hea t  rad ia ted  by t h e  pinnacle o r  by t h e  trough q 

t o  t h e  hea t  which would be  rad ia ted  by t h e  pinnacle base having t h e  tempera- 

t u r e  To and t h e  degree of blackness E = 1 (qid = 2L1GTo s i n 5 ) .  

t h e  e f f e c t i v e  degree of blackness for  t he  sur face  under consideration w i l l  be  

4 a Therefore, 

determined by t h e  following expression 
4 

from which it can be seen t h a t  it is a func t ion  of t h e  parameters 
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N, a and E 

The system (7)-(11) and (13) was solved on an e l e c t r o n i c  computer by numeri- 

cal method, and t h e  so lu t ion  was of an asymptotic 

z + - l a n d T + O .  

type i n  t h e  case of 

Figures 2, 3 and 4 show t h e  dependence of t h e  e f f e c t i v e  degree of black- 

ness of a pinnacled su r face  on the degree of blackness E of a ' s u r f a c e  

with pinnacles * for d i f f e r e n t  values of t h e  thermal conductivity parame- 

ter N and t h e  angle a. It can be  seen t h a t  f o r  small values of E t h e  pinnacled 

sur face  can sharply increase  t h e  e f f ec t ive  degree of blackness i n  t h e  case of 

N +- 0, which is  s i g n i f i c a n t  i n  t h e  case of high temperatures a t  which it  may 

be d i f f i c u l t  t o  use coatings which increase  t h e  degree of blackness. 
*Translator 's  Note: 

On t h e  
Based on t h e  context, t h i s  should co r rec t ly  read 
"without pinnacles". 

6 



c 

o the r  hand, when necessary one can s i g n i f i c a n t l y  lower t h e  e f f e c t i v e  degree of 

blackness by providing r a t h e r  large values of t h e  parameter N. 

The na ture  of t he  re la t ionships  i n  Figures 2, 3 and 4 can be  explained /6 

by t h e  f a c t  t h a t  no t  only t h e  geometry of t h e  pinnacles and t h e  degree of 

blackness of t h e i r  sur faces ,  but a l so  t h e  temperature decrease occurring be- 

tween i ts  base and the  apex (the l a rge r  t h e  parameter N, t h e  g r e a t e r  t h e  tempera- 

t u r e  decrease 

the  pinnacled sur f  ace. 

along t h e  pinnacle) can inf luence  t h e  respec t ive  emiss iv i ty  of 

The approximate s o l u t i o n  of the problem regarding t h e  e f f e c t i v e  emiss iv i ty  

of an isothermal pinnacled sur face ,  which corresponds t o  a p a r t i c u l a r  case of 

7 



t h e  problem under consideration when N = 0, which w a s  obtained i n  (Ref. 2), 

is  p l o t t e d  i n  Figures 2-4. For this case, the  dependences obtained above are 

v a l i d  f o r  any values of a, and therefore f o r  N = 0 computations w e r e  a l s o  per- 

formed f o r  a = 60; 90 and 120" ( the  dot-dash l i n e s  i n  Figure 4,  which p rac t i -  

c a l l y  coincide with those obtained in [Ref .  21 f o r  a 2 go", are approximate 

r e l a t ionsh ips ) .  

The r e s u l t s  obtained can be applied t o  computing t h e  emiss iv i ty  of t he  

pinnacled sur face  of a cylinder.  In  t h i s  case, i n  Figures 2-4 the  angle a 

does no t  designate t h e  angle at the pinnacle apex, bu t  r a t h e r  t h e  angle 

between t h e  lateral faces  of t he  pinnacles, which equals a + -, where n is 

t h e  number of pinnacles on t h e  cylinder. 

2lr 
rl 

2. Inves t iga t ion  of an Emissive, Fin-Tube System 

L e t  us i nves t iga t e  t h e  two-dimensional problem of computing t h e  thermal 

r a d i a t i o n  of an i n f i n i t e  system of star-shaped emitters having four  poin ts  

with t r i a n g u l a r  hea t  t r a n s f e r  f i n s ;  t hese  f i n s  are loca ted  a t  t h e  apexes of 

a cooled prism and are d i s t r i b u t e d  symmetrically with respect t o  the  plane 

containing the  axis of t h e  individual emitters (Figure 5a). 

corresponds q u i t e  accura te ly  t o  a system of cooled tubes which are loca ted  

This system 

i n  p a r a l l e l  and which have emitt ing t r i a n g u l a r  f i n s .  

W e  s h a l l  so lve  t h i s  problem under t h e  following assumptions: 

1. The hea t  t r a n s f e r  f i n s  of the emitters have t h e  same geometry. 

2. The physical thermal proper t ies  of t h e  f i n  material do not depend 

on temperature. 

3. The temperature of a s i d e  of t h e  cooled prism i s  constant along the  

perimeter. 

4 .  The surrounding space i s  a black body with zero  temperature. 

8 
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Figure 5a 

! 
i i  

Figure 5b 

5. 

6. 

The sur faces  of t h e  f i n s  and t h e  s i d e s  are gray d i f f u s i v e  emitters. 

The emissive f i n s  are f a i r l y  t h i n ,  s o  t h a t  t h e  transverse temperature 

grad ien t  i n  t h e  f i n  can be disregarded, as compared with t h e  long i tud ina l  

gradient.  

Taking the  above assumptions in to  account, w e  can w r i t e  t h e  law f o r  /8 
thermal r ad ia t ion  and the  equation of hea t  conductivity along t h e  f i n  

t h e  following way: 

i n  

I -  
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where h - t h e  hea t  conductivity coe f f i c i en t  of t he  finned material, 

a - t h e  angle between t h e  f i n  lateral faces ,  

L - height  of t h e  f i n ,  

Q(x) - thermal flux through t h e  f i n  cross sec t ion  w i t h  t he  coordinate x, 

T - f i n  temperature, 

ql(x) - s p e c i f i c  f lux of r e su l t i ng  r a d i a t i o n  from t h e  f i n  su r face  on 

which thermal f luxes  f a l l ,  no t  only from t h e  adjacent f i n  and 

t h e  prism s i d e ,  but also from t h e  elements of t h e  adjacent star- 

shaped emitter (Figure 5a), 

qZ(x) - s p e c i f i c  f l u x  of r e su l t i ng  r ad ia t ion  from t h e  f i n  sur face  which 

i s  i n  a state of rad ien t  hea t  exchange only wi th  t h e  adjacent 

f i n  and t h e  prism s ide .  

Equations (14) and (15) l ead  t o  t h e  following expression f o r  determining 

the temperature d i s t r i b u t i o n  along the  f i n  - I 9  

L e t  us f i r s t  examine trapeziform f i n s  having t h e  length  L1 (Figure 5a). 

I n  t h i s  case, w e  can assume t h e  following boundary conditions f o r  equation (16) 

where To i s  t h e  s i d e  temperature of the  cooled prism. 

The s p e c i f i c  f luxes  of t h e  r e su l t i ng  r a d i a t i o n  from t h e  f i n  sur faces  w i l l  

be determined by t h e  following expressions: 

10  



where 

- t h e  s p e c i f i c  f l u x  of e f f e c t i v e  r ad ia t ion  from t h e  f i n  sur face  under consider- 

a t i o n  on which thermal f luxes  f a l l ,  not only from t h e  adjacent f i n  and t h e  

prism s ide ,  but a l s o  from elements of t h e  adjacent star-shaped emitter - / l o  
( i n  equation (20) on, E is the  degree of blackness of t h e  emitter sur face ,  

and (5 i s  t h e  Stefan-Boltzmann constant) 

- t h e  s p e c i f i c  f l u x  of e f f e c t i v e  r ad ia t ion  from t h e  f i n  sur face  which is  i n  

a state of r ad ian t  hea t  exchange only wi th  t h e  adjacent f i n  and t h e  prism 

s i d e ;  

- t h e  s p e c i f i c  f luxes  on t h e  f i n  under consideration from sur faces  designated 

by t h e  f i r s t  letter of 

~ Assuming t h a t  t h e  

I f i n  plane of symmetry, 

mining s p e c i f i c  f luxes  

t h e  subscript .  

emitt ing element of t h e  f i n  su r face  is loca ted  i n  t h e  

w e  can obtain t h e  following r e l a t ionsh ips  f o r  deter-  

on t he  fin under consideration (Ref. 1 ) :  

0 ’  

11 



A, 

where ?a i s  the  rad ius  of t h e  c i r c l e  circumscribing t h e  prism (see Figure 5a);  

2 - t h e  d i s t ance  between t h e  f i n  ends of adjacent emitters (see 

Figure la);  $=$,=u/ - dimension of t h e  prism s i d e s ;  

~ ~ ~ ~ ; ~ ~ ~ ~ & ~ ~ ~ ~ ~ ~ ~ ; ~ ~ % ) ~ ~ f ~ ~ ;  bx($j - s p e c i f i c  f luxes  of 

e f f e c t i v e  r ad ia t ion  from sur faces  designated by t h e  index i n  t h e  

parenthesis.  

The expressions f o r  determining t h e  s p e c i f i c  f luxes  of e f f e c t i v e  r ad ia t ion  

included i n  formulas (22)-(28) have t h e  following form: 

12 
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i (37) 

An analysis of the relationships obtained shows that there are 19 unknown 

13  
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~ funct ions,  taking i n t o  account equation (18) : 

I 

I 
I In  order  t o  determine these 19 unknown functions,  w e  have a system of 19 

equations: equations (16) and (22)-(38). 

L e t  us introduce the following dimensionless var iab les :  

In  these  var iab les ,  a f t e r  equation (16) i s  in tegra ted  with the use of 

t he  second boundary condition ( 4 ) ,  it i s  wr i t t en  i n  the following way with 

allowance f o r  r e l a t ionsh ips  (18) and (19): 

d 

(40) - x 

where 

14 
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and the  remaining 18 equations in dimensionless va r i ab le s  can be obtained 

from re l a t ionsh ips  (22) - (381, i n  which the  real var iab les  are replaced by 

t h e  dimensionless va r i ab le s  introduced. 

In accordance with (18) and (19), t h e  amount of hea t  emitted by a u n i t  

of f i n  length (fin length designates t h e  fin extension i n  a d i r ec t ion  perpen- 

d i cu la r  t o  the  plane of t h e  drawing i n  Figure 5a) can be wr i t t en  i n  dimension- 

less va r i ab le s  as follows: 

f 

0 

The amount of hea t  emitted by a unit  of p r i s m  s i d e  length w i l l  be deter-  

mined from the  following re la t ionships :  

(a) For t h a t  p r i s m  s i d e  which is i n  a state of r ad ian t  hea t  exchange 

with t h e  adjacent e m i t t e r :  - 

0 

15 



(b) For that prism side which is not in a state of radiant heat 

exchange with the adjacent emitter 
- 

0 

Let us now determine the emission coefficient of a system which repre- 

/15 

sents the ra'Lio of heat eiiiittsd by the dtter under consideration 

C,3fi->&+g L -  vr' /pr,f + Q  v p r . 5  ) to the heat qid which would be emitted by the 

given emitter in the case of infinitely large thermal conductivity of the fin 

material, 2= 00 and E = 1. n e  expression for determining qid will i 
I have the following f om: 

(45) 4 q id = &yL, + 2 * p  r, 450 
/ 

and the emission coefficient will be determined by the following expression: 

from which it can be seen that it is a function of the parameters - I16 - 
JV; ; ; a d z  . It can be determined by solving equation (40) together 

with equations (22) - (38) written in dimensionless variables. 

In the case of the specific dependence ?=sf J-%, > c; e') and 

16 
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Figure 7 
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Figure 8 
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Figure 9 

of selected values for zQ, b, C ,  To and e , the expression for de- 

termining the heat emi t ted  by an individual emitter can be obtained from the 

following relationship: 

The system of equations 
L 

obtained was solved numerically on an electronic 

20 



computer by t he  successive approximation method f o r  L -t 1, which corresponds 

t o  t r iangular  f in s .  

(see Figure 5a), are shown i n  Figures 6, 7 and 8 f o r  d i f f e r e n t  values of - 
E and N = 2N1. 

of the  parameters 5 ,< 
A temperature change along t h e  f i n  f o r  s eve ra l  values 

and is shown i n  Figures 9 and 10. 
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U t i l i z i n g  the  dependences shown i n  Figures 6 - 8, f o r  a se l ec t ed  value 

E w e  can r ead i ly  determine t h e  geometry,optimum with respect t o  weight, of 

of t r i a n g u l a r  f i n s  of t h e  emitters under consideration, i f  t he  prism s i d e  

temperature To, t h e  d is tance  between t h e  emitter axes H, t h e  dimension of 

t h e  prism zo , and t h e  outgoing amount of hea t  qc are known. 

Actually, by employing t h e  dependences shown in  Figures 6 - 8 and /17 
expressions (41) and (471, f o r  se lec ted  values of 4 zl <. Z0 and 4x9 

we can determine t h e  angles a corresponding t o  seve ra l  values of L1, and can 

thus f ind  t h e  f i n  geometry of a minimum area. 

The dashed l i n e  i n  Figures 6 - 8 is used t o  p l o t  t h e  curves taken from 

(Ref. 4 ) ,  which employed a similar formulation t o  study a system of star- 

shaped emitters, which is  shown i n  Figure 5b. The po in t s  f a r  t o  t h e  r i g h t  

on t h e  curves i n  Figures 6 - 8 correspond t o  t h e  case K =  &- e 4  =o 
where 

emitters of an emissive system. This is shown i n  Figure 5b. It can be seen 

2, is t h e  d is tance  between t h e  ends of ho r i zon ta l  f i n s  of adjacent 
L 

t h a t  t h e  system under consideration has  somewhat worse emiss iv i ty  as compared 

with t h e  system i n  Figure 5b f o r  s m a l l  values of H; however, i n  con t r a s t  t o  
- 

t h e  la t ter ,  i t  has i d e n t i c a l  temperature d i s t r i b u t i o n  i n  a l l  f i n s .  With an 

increase  i n  r, t h e  e f fec t iveness  of emitters i n  both systems coincides with 

t h e  e f fec t iveness  of a s i n g l e  emitter (Ref. 5). 
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